The Australian Government is currently addressing the challenge of increasing water scarcity through significant on-farm infrastructure investment to facilitate the adoption of new water-efficient pressurized irrigation systems. However, it is highly likely that conversion to these systems will increase on-farm energy consumption and greenhouse gas (GHG) emissions, suggesting potential conflicts in terms of mitigation and adaptation policies. This study explored the trade-offs associated with the adoption of more water efficient but energy-intensive irrigation technologies by developing an integrated assessment framework.
Introduction
Agricultural productivity in Australia grew by an average of 2.8% per year over the past 30 years, a rate which was higher than that of the economy as a whole. This growth was largely due to the intensification, mechanization and modernization of agricultural systems (AGO 2006) . A key mode of intensification involves moving from dryland to irrigated farming systems. However, predicted climate change and increasing climate variability present irrigated agriculture with some significant challenges. Being a dry continent, Australia is highly vulnerable to risks associated with increasing water scarcity, and saving water and increasing water use efficiency are major challenges at all levels. One of the options well received by farmers is the conversion of less efficient irrigation systems to efficient pressurized systems (Green et al 1996 , Lal 2004 . For example, two-thirds of irrigators in the Murray-Darling Basin (MDB) changed their water management practices during 2004-05, and of these, 35% adopted pressurized irrigation techniques (Mackinnon et al 2009) . The Australian government is also helping farmers to upgrade irrigation infrastructure through its $5.8 billion Sustainable Rural Water Use and Infrastructure programme (DSEWPC 2011) .
The decision to invest in new irrigation technology largely depends on two key factors: the water conservation benefits and the costs associated with implementing technology change (Mackinnon et al 2009 , Qureshi et al 2001 . However, other significant factors such as associated changes in energy dependency and greenhouse gas (GHG) emissions have been largely ignored in irrigation technology adoption decisions (Zillman et al 2008 , Jackson et al 2010 . Significantly, it might be expected that conversion to new pressurized irrigation systems would result in a net increase GHG emissions per hectare. More intensive land use might involve more fuel, farm machinery and agrochemicals, and the production, packaging, transportation and application of these also requires significant energy resources, leading to an increase in GHG emissions (Jackson et al 2010 , Maraseni et al 2007 , 2009a , 2009b , 2010a , 2010b . Of the total energy used in agriculture globally, 51% is expended in farm machinery manufacturing and 45% in the production of chemical fertilizers. In addition, increased fertilizer use contributes significantly to emissions. Between 1987 and 2000, nitrogen (N) fertilizer use in Australia increased by 325% (Dalal et al 2003) , with more than 50% of the applied N either lost through leaching into the soil or released into the atmosphere as nitrous oxide (N 2 O) (Verge et al 2007) , a GHG which has 298 times more global warming potential than CO 2 .
The impact of water management policies in driving increased energy consumption and GHG emissions has been largely ignored at the policy level (Khan et al 2004) . Ideally, mitigation and adaptation strategies should complement each other in order to address climate change risks (Maraseni et al 2009b) ; however, within the water sector the relationship is potentially a reciprocal one. Water management policies and measures aimed at water resource use mitigation (effectively climate change adaptation in a drying climate) can in fact drive higher GHG emissions, and so be counter-productive when evaluated in terms of climate change mitigation. In the context of predicted climate change, and the proposed implementation of GHG reduction policies such as a carbon tax or an emission trading scheme (ETS), the perception of net economic and social benefits may no longer be valid. There is therefore an urgent need to critically evaluate energy-intensive responses to scarcity in the water sector in order to understand the links between water use and GHG emissions (Pittock 2010) . Not to do so, risks contradictory policy signals which may contribute to maladaptation (Barnett and O'Neill 2010) . A topical example is the Wonthaggi Desalination Plant, a Victorian Government strategy to drought-proof Melbourne's water supply. This is an energy-intensive adaptation, reportedly contributing over 900 000 tonnes per annum of CO 2 -e GHG emissions, which will drive positive feedbacks to the climate system (Barnett and O'Neill 2010) .
This study evaluates the trade-offs associated with the adoption of more water efficient but energy-intensive forms of on-farm irrigation technologies through an integrated assessment framework. This novel cross-factoral approach makes a significant contribution to carbon accounting of crop production in general and the assessment of impacts of agricultural intensification through irrigation in particular.
Previous studies have compared the energy consumption of various irrigation technologies (Mrini et al 2001 , Topak et al 2005 , Chen and Baillie 2007 , Baillie 2009 ). However, these studies fail to provide a complete picture as they have not analysed GHG emissions associated with the use of primary farm inputs, including farm machinery, fuels to run farm machinery and agrochemicals (fertilizers, manures, insecticides, herbicides, fungicides, plant regulators etc). The frequency (and amount) of farm inputs for the same crop may vary significantly under different irrigation systems, resulting in change in their relative energy use and GHG emissions. To pick up the range of variation and make reasonable policy recommendations, this study undertook five different case studies, incorporating a range of irrigation technologies and cropping systems.
Methods

Brief description of case studies
Case studies conducted under this project used information on fine-scale farm-level variability to inform an objective integrated analysis of the value of adopting new crop irrigation technologies. These studies involved detailed face-to-face interviews with irrigators who had converted their conventional irrigation systems to one of the newer pressurized irrigation systems. Interviews were based around a structured questionnaire, but also involved a less formal conversation (recorded in note form) regarding additional information about individual enterprises. Farmers were asked to provide information on machinery use, agrochemical inputs, irrigation water use and technology, energy use, crop yields, and income associated with a single crop rotation.
Enterprises assessed included three cotton farms on the Darling Downs, a vegetable (lettuce) farm in the Lockyer valley and a pasture-cropping (lucerne) farm on the Southern Downs (all in southern Queensland, eastern Australia). Irrigation technology transitions investigated were: from flood (furrow) to overhead sprinkler (lateral-move) in case studies 1 and 2; from flood (furrow) to trickle irrigation in case study 3; from overhead sprinkler (hand-shift) to trickle irrigation 
Integrated modelling
An integrated framework was used to assess the effectiveness of different irrigation technologies at the farm level. This approach evaluated trade-offs between irrigation technologies, before and after conversion, in terms of water use efficiency and productivity, water savings, energy and GHG emissions, and relative costs of irrigation and associated equipment. As a general principle, trade-off analysis shows that, in order to obtain more of a desirable outcome of a system for a given set of resources and technology, less of another desirable outcome is obtained (Stoorvogel et al 2004) . The framework has three main components-GHG modelling, hydrological modelling, and costs and benefits estimations-providing not only reliable estimates of water savings and GHG implications, but also estimates of trade-offs between achieving water security and environmental security. For each case study, the type and quantity of farm inputs used, and the amount of energy consumed (and GHG emissions) due to production, packaging, storing, transportation and application of farm inputs for the same crop before and after using particular irrigation technology were investigated.
Greenhouse gas modelling
The GHG modelling component of the integrated framework compares emissions between two different irrigation systems due to: (1) the use of electricity, diesel and aviation gas for various farm operations; (2) agrochemical (all types of fertilizers, herbicides, insecticides and fungicides) production, packaging, storage and transportation; (3) soil derived nitrous oxide (N 2 O) from nitrogen (N) fertilizer usage; and (4) farm machinery production and use. These are the major sources of GHG in a farming system (Maraseni et al 2007 , 2009a , 2009b , 2010a , 2009b , Maraseni and Cockfield 2011 and are likely to vary due to changes in irrigation system. For example, a pressurized irrigation system could increase pumping (electricity and diesel) related GHG emissions but may decrease agrochemicals related GHG emissions due to adoption of precision agriculture (applying agrochemicals through irrigated water in response to crop requirements at particular stages of growth). It is likely that soil carbon sequestration rates will also vary between different irrigation technologies; however, it was not possible to include irrigation induced changes in soil carbon in the analysis, as there is currently no research in this area.
2.3.1. GHG emissions due to the use of electricity, diesel and aviation gas.
The amount of electricity, diesel and aviation gas used for different farming operations (cultivation, planting, fertilizer and pesticide application, irrigation, harvesting etc) was extracted from farm records and verified with farmers. Energy content factor and GHG emission amounts were derived from DCC (2009), Mandal et al (2002) and Ozkan et al (2004) . For example, energy content factor and GHG emission amounts for: (1) diesel and diesel oil are 38.6 MJ l −1 and 75.2 gCO 2 MJ −1 ; (2) aviation gas 33.1 MJ l −1 and 72.4 gCO 2 MJ −1 ; and (3) electricity MJ kWh −1 and 281 gCO 2 MJ −1 (DCC 2009 , Mandal et al 2002 , Ozkan et al 2004 . Emissions factors for diesel and aviation gas include both combustion emissions factors (69.9 gCO 2 e/MJ), and indirect emissions factors related to extraction, production, transport and delivery lost (5.3 gCO 2 e/MJ). Similarly, emissions factor for electricity include emissions due to consumption (Scope 2; DCC 2009), and indirect emissions attributable to the extraction, production and transport of electricity and to the electricity lost in delivery in the network (Scope 3; DCC 2009). Emissions factors for electricity vary by energy mix, which is significantly different in different states of Australia. As all case studies are in southern Queensland, the Queensland emissions factor has been used here.
Emissions from production, packaging, storage and transportation of agrochemicals.
Agrochemicals include fertilizers and chemicals (herbicides, insecticides, fungicides and plant growth regulators) used in cropping, with their production, packaging, storage and transportation requiring energy and contributing to GHG emissions. The amounts and types of different agrochemicals and manure before and after adopting a new irrigation technology come from farm surveys. The proportions of major elements in each fertilizer were estimated using its chemical formula and molecular and atomic weights. Conversion factors of 0.5 for herbicides and 0.25 for insecticides and plant growth regulator were used to obtain the approximate active ingredients in the mix (O'Halloran et al 2008) . CO 2 e emission factors for the production, packaging, storage and transportation of each kilogram of element (in fertilizer) and active ingredient (in herbicide, insecticide and plant regulators) are adopted from Lal (2004) . The difference in GHG emissions from all agrochemicals provides the information about the changes in emissions from the agrochemicals due to changes in irrigation system. The total amount of N 2 O-N was calculated and converted into N 2 O (by multiplying by 1.57, the molecular weight of N 2 O mol −1 of N 2 ) and then into CO 2 e. We acknowledge that there could be some variation in N 2 O emissions factors for the applied N-fertilizers for the same crops under different irrigation systems. For example, Sánchez-Martín et al (2008) conducted a study to understand the differences in N 2 O emissions from two different irrigation (furrow and drip irrigation) systems in Spain. They found that drip irrigation reduced total N 2 O emissions by 70% compared to the value for furrow irrigation, probably due to the lower amount of water applied and the different soil wetting patterns associated with drip irrigation systems. In Australia, the Climate Change Research Programme (CCRP 2012) is conducting intensive research to develop a nitrous oxide database which will be available through a web portal (www.N2O.net.au). However, at this stage, this information is not currently available. Consequently, we used the same emissions factors for the same crops under different irrigation systems (as discussed above). The application of manure also emits some amount of N 2 O from the soil. However, since the overall amount of GHG emissions for manure is already considered in section 2.3.2 it is not discussed separately.
Emissions of N
Emissions due to the production of farm machinery.
Several studies have estimated GHG emissions resulting from the production of a kilogram of farm machinery (Stout 1990 , Helsel 1992 , Maraseni et al 2007 , 2009a , 2009b . Maraseni et al (2007) investigated peanut-maize cropping in southeast Queensland, Australia, and calculated GHG emissions due to the production of each kilogram of farm machinery and accessories. In that study, GHG emissions due to farm machinery usage were directly related to fossil fuel consumption, and estimated to be equivalent to 14.4% of the emissions from fossil fuel usage (Maraseni et al 2007 , 2009a , 2009b , 2010a , 2010b , Maraseni and Cockfield 2011 . This value is adopted in the current study. We acknowledge that there could be significant differences in GHG emissions associated with the production of farm irrigation machinery. However, energy used for the production and transportation of irrigation machinery and accessories in different irrigation systems, and associated GHG emissions, was not considered in this study since there has been no research reported in this area.
Hydrological modelling
Field experiments are the most accurate method for determining potential water savings. However, crop models such as soil, water, atmosphere and plant (SWAP) and Agricultural Production Systems sIMulator (APSIM) can provide useful estimates of potential water savings (Khan et al 2004 (Khan et al , 2008a where empirical data is unavailable. Khan et al (2004 Khan et al ( , 2008a Khan et al ( , 2008b and Khan and Abbas (2007) have effectively employed SWAP models to estimate potential water savings resulting from improved water management and new technologies (drip and sprinkler irrigation systems) under a range of soil and climatic conditions. Following Khan et al (2004) , Khan and Abbas (2007) and Kroes et al (2008) , the SWAP model was applied to provide an estimate of potential water savings. This approach calculates water and solute balances in the saturated and unsaturated zones of cropped soils, based on model inputs including meteorological, crop growth and drainage data. In this study, the model was simulated for the period between January 1980 and December 2007 under three different soil types (from light dispersible clays to heavy alluvial black cracking clays) with high soil moisture-holding capacity, two groundwater levels and three timings of irrigation.
SWAP modelling identified the range of potential water savings achievable with technology conversion under different cropping conditions, and enabled us to validate the farmers' assessments of (actual) water savings so as to ensure that our GHG and economic modelling did not over or under estimate results. Subsequent GHG and economic modelling was based on the validated farmers' estimates.
Economic modelling
A key component of the integrated framework was to undertake a benefit-cost analysis (BCA). In addition to the net present value (NPV) and break even (BE) water saving (ML/ha) were calculated to assess the economic viability of the conversion from the existing irrigation system to the new, more water-efficient irrigation system. The investment in the modern irrigation systems can be treated as economically viable if the present value of benefits is greater than the present value of costs (NPV > 0). BE estimates are crucial from both the farmer and infrastructure investment points of view to know the threshold level of water saving that must be realized before profit can be made.
Modern irrigation systems are complex and require significant initial capital investment. The stream of benefits flow over the life of a system, usually 15-25 years depending on the type of system. To measure economic returns from the on-farm investment in such technologies, the benefits from the new system were measured, taking into account the total impacts of the option: improvement in yield, quality, shift in cropping rotation, reductions in input costs, labour savings, water savings, and the benefit (or cost) of GHG emission/reduction, and other benefits. The costs of irrigation technology were divided into fixed costs (machinery, soil moisture monitoring equipment, pipes, concrete, etc) and variable costs (mainly for operation and maintenance such as power, fuel, usual maintenance and corner losses, if any).
Sensitivity analysis was used to test the robustness of the economic analysis by changing the values of key benefit parameters such as water saving, labour and yield benefits, water sharing, GHG emission prices, sprinkler irrigation technology life and interest rates. Temporary water trading was not considered; instead, a water sharing scenario based on 50:50 water sharing was considered.
The farm-level irrigation technology modernization model 'Waterwork' was used to evaluate the economics (costs and benefits) of technology adoption. The model was simulated for 25 years with an interest rate of 5%. In addition, the current temporary and permanent water trading prices, as a substitute for a water price through the water sharing 4 and buyback programme 5 , were used in the economic modelling.
Economic model parameters and assumptions.
The estimates of economic model parameters, both costs and benefits, were obtained through interviews with farmer, irrigation auditors, experts and/or dealers and literature reviews. A summary of the key parameters used in the economic models is given in table 2. Assumptions included:
• quality improvements were only modelled for lettuce since the improvement in lettuce quality resulted in significantly higher market prices. Based on the farmer's assessment, lettuce grown using drip irrigation brings 10% higher market prices;
• average temporary (allocation) water trading prices were assumed to be $300/ML, whereas average permanent (water entitlement) water trading prices were assumed to be $1500/ML (Murray Irrigation Ltd 2009);
4 Water sharing arrangements refer to the entitlement to exclusively access a defined share of water from a specific consumptive pool. This is defined in the relevant water plan for that water body or jurisdiction. In the case of investment in water-efficient irrigation technologies, the Australian Government, under the water for the future programme, may contribute towards the cost of irrigation technology conversion in return for access to a percentage of a farmer's nominal entitlements which may be used to provide environmental flows or traded on the water market. For example, with a 50% financial contribution, the Government takes 50% of the annual water savings achieved through the new irrigation technology (a 50:50 water sharing arrangement). 5 The water buyback programme is an important component of the water for the future initiative for restoring balance in the Murray-Darling Basin. The Australian Government has committed $3.1 billion over 10 years to purchase water in the Murray-Darling Basin. The programme will complement a range of other measures to achieve sustainable water management in the Basin (DSEWPC 2011).
• commodity prices and fuel prices were assumed to be constant over the period of analysis;
• tax savings are possible but are not included in the analysis; and
• the model did not include carbon prices in the base case; however, a price of $10/tCO 2 e and $30/tCO 2 e was used in order to evaluate the impact of a carbon price.
Once the GHG emissions from the changes in farm inputs were quantified for the different irrigation technologies, it was assumed that an introduced carbon price would increase the price of these farm inputs directly proportional to their GHG intensities, and that this increase in price would be passed on in full to the farmer. In reality, this assumption may serve as a reasonable proxy for how a carbon price may impact farm production as the demand curve for essential farm inputs is highly inelastic. Figure 1 provides a conceptual flow diagram of the integrated analysis conducted in this study.
Results
Greenhouse gas emissions from different sources
Highest overall GHG emissions were associated with lucerne cropping under a conventional roll-line irrigation system (15 214 kg CO 2 e/ha), while lowest emissions (3380.7 kg CO 2 e/ha) were found in cotton farming systems using pressurized overhead lateral-move sprinkler irrigation systems (table 3) . Adoption of new irrigation technologies contributed to an overall reduction in GHG emissions in four of the five case studies reported; total GHG emissions from cropping under the new technologies ranged from 52% (case study 5; conversion from roll-line to centre-pivot sprinkler-irrigated lucerne cropping) to 199% (case study 3: conversion from flood-to drip-irrigated cotton cropping) of total emissions for the conventional irrigation systems (table 3). The comparison of GHG emissions from individual sources reveals that irrigation-related emissions were highest from the lucerne cropping systems (case study 5); those from farm machinery (other than irrigation machinery) operations were highest from the lettuce farming systems (case study 4); those from agrochemical-related GHG emissions were found in cotton farming systems under flood and trickle irrigation systems (e.g. case study 3); and GHG emissions from soils due to use of N-fertilizer were highest for cotton farming systems under flood irrigation (case studies 1-3).
Comparison of GHG emissions per kilogram of crop harvested showed lucerne under roll-line irrigation having the largest emissions, followed by lucerne under centre-pivot sprinkler irrigation and cotton under trickle irrigation. The lowest emissions were observed in lettuce cropping under both irrigation systems. In contrast, if the comparison is made per megalitre of irrigation water, the lettuce farming systems were the highest emitters, followed by lucerne and cotton. As expected, on this basis (i.e., per ML), all pressurized irrigation systems emitted higher levels of GHGs than their counterparts.
These figures show that there is great variation in GHG emissions from different sources between different cropping systems. These variations could be due to different paddock histories, irrigation types, soil types and crop types. In some areas soil may be poor, requiring more fertilizers, and resulting in higher fertilizer-related emissions. Some crops (for example lettuce) need more intensive cultivation and harvesting operations, so farm machinery-related emissions could be higher than in other crops. Other crops (such as lucerne) need more frequent irrigation, so irrigation-related emission will be higher for them than the other crops. Therefore, without comprehensive analysis of GHG emissions from various sources, a complete picture cannot be drawn. Accounting for emissions from some sources and omitting those from others gives misleading information, from which we may draw misleading conclusions, leading in turn to potential maladaptation.
Water saving estimates
The SWAP model was applied to estimate the potential water savings, and validate the estimates provided by the case study farmers. The results show that potentially up to 4.5 ML/ha water savings are possible. Among all the pressurized systems, drip irrigation systems generated the highest levels of potential water savings; however, high-end water savings were highly dependent on the technology, soil type, climate, crop and management of the system (table 4).
Economic evaluations
The economic evaluation results show that all selected case studies generated positive economic returns (table 5), mainly due to water savings, increased productivity and labour savings. The estimated break even (BE) water savings varied, depending on the crop and irrigation technology. For example, for the lettuce cropping system, increased yield and labour savings were sufficient to recover costs within the first year of investment. The adoption of drip irrigation for cotton cropping delivered the lowest economic return, with a net benefit of $114/ML/yr, mainly due to the limited water savings achieved (table 5) ; however, this was still an economically viable option at this farm.
Very high economic returns were apparent for the adoption of centre-pivot irrigation technology on the lucerne farm (case study 5). However, since total water savings in this case study included 30% water savings achieved through deficit irrigation, a separate economic analysis was conducted on water savings achieved without deficit irrigation practices. The results showed that the centre-pivot was still an economically viable option with high NPV ($913 019). Similarly, the net benefit of conversion to the centre-pivot system was about $285/ML/year. Sensitivity analysis was performed for a range of parameters. Economic returns were found to be most sensitive to water savings, increased yield and labour savings (table 6) . The sensitivity analysis with regard to a 50:50 water sharing arrangement, using permanent water trading pricing as a substitute for the water price, indicates that farmers are better off using water savings on their land rather than trading water. Sensitivity analysis, particularly with respect to carbon priced at $30/tCO 2 e, also shows that increased GHG emissions will reduce economic returns in all except one instance (i.e., case study 4) where reduction in overall GHG emissions generated possible benefits, although these were minimal.
Trade-off analysis
A trade-offs matrix of the outcomes of converting from older irrigation systems to new pressurized drip and sprinkler irrigation systems, based on the five case studies, is given in table 7. This matrix shows that, in three out of five case studies, irrigation-related GHG emissions increased with the adoption of new irrigation technologies. However, as shown in case studies 4 and 5, conversion of older inefficient and energy-intensive sprinkler irrigation systems (hand-shift and roll-line) to drip and efficient sprinkler irrigation technologies significantly reduced both irrigation-related and total GHG emissions. This creates a win-win situation where water savings and GHG reductions can be achieved both as a result of technology adoption and farm-level input.
Overall GHG emissions were reduced in four of the five case studies as a result of the adoption of new irrigation technology. In those four case studies, it was found that GHG emissions resulting from the use of farm machinery in farming operations either declined or remained constant with the adoption of new irrigation technologies. A similar trend was observed in terms of agrochemical-related emissions (fertilizers, pesticides). In case study 4 (the irrigated lettuce production system), total GHG emissions increased; however, higher productivity under the more efficient drip irrigation system still resulted in lower GHG emissions per kg of yield than was evident under the less efficient hand-shift sprinkler system. We believe that overall reduction in agrochemical-related emissions may not have been solely due to the conversion, but may result, in part, from new experience with precision agriculture and increasing awareness of environmental concerns.
Results from these five case studies indicated large variations in water and energy use at the field level between different cropping systems. While the new irrigation technologies used less water per hectare of crop, irrigation (pumping of water) related GHG emissions per ML of water and per hectare increased significantly with the adoption of new irrigation technologies. On the other hand, due to increased production, emissions per kg of crop yield fell in all cases except case study 3. In this instance, the new drip irrigation system used much more electricity than the old flood irrigation system and the irrigation-related emissions for the trickle irrigation system were 1.8 times higher per kg of crop yield than for the flood irrigation system.
Discussion
All five case studies generated positive economic returns, mainly due to water savings, increased productivity and labour savings. Evidence from the case studies indicates that expanded on-farm water use is a more economically efficient option than permanent trade, given the potential for increased yield, and labour and input savings. However, temporary water trading or seasonal water sharing for environmental purposes could be an option at a suitable water price where this is possible, although, in many cases, physical constraints on water transfers would not enable trade to occur. The case study analyses generally found that GHG emissions due to the use of farm machinery operation and agrochemicals declined with conversion to new irrigation technology. However, reduction in agrochemical-related emissions may not be solely due to new irrigation technologies, as new experience with precision agriculture may also play a role. It is also acknowledged that the comparison of energy and water consumption of various irrigation technologies over a single cropping season cannot give a complete picture without accounting for paddock history. A more comprehensive analysis would be possible where energy and water consumption data was collected over a complete rotation of crops to account for inter-seasonal differences and subsidies (e.g. fertilizer inputs) that extend across more than one growing season.
Similarly, emissions of N 2 O from soils due to the use of nitrogen fertilizer and soil carbon sequestration rates in various irrigation systems could vary significantly. However, these were not able to be accounted for in this study, since there is no research on emissions factors for different irrigation technologies. As a result, the same N 2 O emission factors were used for all irrigation systems for the same crop in this study. Also, for the same reason, variation in soil C sequestration amounts for different irrigation systems were not considered. There is a clear research gap in this area. Current irrigation management guidelines aim to minimize the N 2 O emissions from soils due to applied N-fertilizers, by (1) maintaining water-filled pore space at <40%; (2) reducing soil compaction and thus increasing oxygen diffusion in soils; (3) reducing the readily available carbon supply as it enhances microbial proliferation and thus N 2 O emissions; and (4) removing residual nitrate from the soil by growing cover crops (Lal 2004) . Therefore, in the future, we may expect these approaches to result in lower N 2 O emissions than are estimated in this study.
While the SWAP model results and farmers' assessments indicated considerable potential for water savings through the adoption of new irrigation technologies, it is important to recognize the 'water saving' may have a number of different meanings. From a farmer's perspective, water saving is likely to mean using less irrigation water to grow a given crop. However, reduced applications for a given crop do not necessarily mean that total water use is reduced at the farm level or system level if the saved water is used to irrigate additional crop area. In this case, there may be no net benefit to other users downstream. However, if farmers divert less irrigation water from a watercourse, perhaps by availing themselves of the government's water sharing arrangements, then one might assume that the saved water is available to downstream users or can be used for environmental purposes.
Conclusions and policy level implications
Current 'conventional' irrigation practices are generally characterized by low WUEs, creating the potential for significant water savings, resulting in either increased productivity or increased water availability for alternative uses (e.g. environmental flows to maintain ecosystem services). Modern pressurized irrigation systems have the potential to save large volumes of water. However, achieving maximum efficiencies depends greatly on the design and management of the system (Raine et al 2000) . Higher levels of water savings are possible with proper design, training, and better management of irrigation and pumping systems. This was evident in this study, with some growers achieving high-end water savings through better management. In these cases, irrigation technology delivered greater efficiencies with suitable management, and thus saved significant volumes of water, compared with the older labour-intensive irrigation systems.
The analyses reported here indicate significant variation in GHG emissions across different irrigation technologies, and different crop types, farming systems and locations (water source, soil type, climatic factors). Indications are that a range of management decisions in addition to the adoption of efficient irrigation technologies will influence water savings as well as irrigation-related energy use, GHG emissions and associated costs.
Economic efficiency is also a major consideration, both in Australia and overseas. The initial capital costs associated with conversion potentially limit the rate of adoption of new technologies, while operating costs can mean that the overall financial position of farmers is compromised; significant costs may be associated with energy requirements to operate particular types of systems. However, all five case studies generated positive economic returns, mainly due to water savings, increased productivity and labour savings.
Evidence from these examples also indicates that expanded on-farm water use is a more economically efficient option than permanent trade on the water market, given the potential for increased yield, and labour and input savings. Nonetheless, temporary water trading or seasonal water sharing for environmental purposes could be an option at a suitable water price where physical constraints on water transfers enable trade to occur. This study highlights the complexity involved in evaluating the effectiveness of achieving on-farm water use efficiency through conversion to new water use efficient irrigation systems. The trade-offs analysis raises a critical point, indicating that both mitigation and adaptation have to be evaluated at the same time in order to optimize economic investments in irrigation technologies while managing climate change. The use of pressurized systems can result in significant benefits in terms of savings and economic returns. However, the risk of increasing energy consumption and GHG emissions should be carefully considered. A more targeted approach that achieves balance between improvement in water use and the potential increase in energy consumption is required. Without this, a focus on improving IE to create water savings could subject irrigation enterprises to unexpected increases in energy consumption and escalating costs.
Priority should be given to replacing older, inefficient and energy-intensive sprinkler irrigation systems, such as hand-shift and roll-line. This will not only save water but also save considerable energy in addition to GHG reductions due to improved farming operations. This creates a win-win situation where water savings and GHG reductions can be achieved both as a result of technology adoption and farm-level input.
